Type 2 diabetes (T2D) is associated with defective insulin secretion, which in turn contributes to worsening glycaemic control and disease progression. The genetic cause(s) associated with impaired insulin secretion in T2D are not well elucidated. Here we used the polygenic New Zealand Obese (NZO) mouse model, which displays all the cardinal features of T2D including hyperglycaemia to identify genes associated with b-cell dysfunction. A genomewide scan identified a major quantitative trait locus (QTL) on chromosome 7 associated with defective glucose-mediated insulin secretion. Using congenic strains, the locus was narrowed to two candidate genes encoding the components of the KATP channel: Abcc8 (SUR1) and Kcnj11 (Kir6.2). The NZO Abcc8 allele was associated with a w211 bp deletion in its transcript and reduced expression of SUR1. Transgenic NZO mice were generated that expressed the WT Abcc8/Kcnj11 genes and displayed significant improvements in early-phase glucosemediated insulin secretion and glucose tolerance, confirming Abcc8 as a causative gene. Importantly, we showed that despite improving b-cell function in the NZO transgenic mice, there was no enhancement of insulin sensitivity or body weight. This study provides evidence for a role of Abcc8 in early-phase glucose-mediated insulin secretion and validates this gene as a contributor to b-cell dysfunction in T2D.
Introduction
Type 2 diabetes (T2D) is a complex and progressive metabolic disorder characterised by a chronic elevation of blood glucose levels. Although it is accepted that impaired insulin action is an initiating defect, hyperglycaemia only ensues when there is failure of the b-cell to secrete adequate amounts of insulin (Kahn 2003 , Andrikopoulos 2010 . Glucose is the predominant nutrient for insulin secretion, which enters the b-cell via the glucose transporter GLUT-2 and gets phosphorylated to glucose-6-phosphate by the rate-determining enzyme, glucokinase (GK). This results in an increased flux through glycolysis and the tricarboxylic acid cycle causing a rise in the ATP:ADP ratio. The elevated ATP:ADP ratio closes the cell surface ATP-sensitive potassium (KATP) channels resulting in cell membrane depolarisation, opening of voltage-gated calcium channels, an influx of intracellular calcium and finally insulin granule exocytosis. In this cascade of events, the KATP channel, composed of the outer binding subunit, SUR1 (Abcc8) and the inner core subunit Kir6.2 (Kcnj11), plays a pivotal role in connecting intracellular glucose metabolism to the exocytosis of insulincontaining secretory granules (Ashcroft 2005) .
The secretory response is biphasic in nature with the early (first)-phase being transient and of a 2-5 min duration. The late (second)-phase is more prolonged and lasts the duration of the stimulus. In subjects with T2D, early-phase of secretion is absent whilst the late-phase is diminished (Halter et al. 1985) . Despite much effort, the mechanism(s) for the progressive impairment of the secretory response in T2D is unknown (Cheng et al. 2013) . Recent large genome-wide association studies have identified a number of genes linked with beta cell dysfunction in T2D including TCF7L2, CDKAL1, HHEX, SLC30A8, CDKN2A/B and IGB2BP2 (Saxena et al. 2007 , Sladek et al. 2007 . However, it is not clear how these genes affect insulin secretion, although TCF7L2 has been linked to impaired early-phase secretion (Palmer et al. 2008) . Thus, while progress has been made in understanding environmental and genetic factors associated with b-cell dysfunction in T2D, further work is required to provide a more complete mechanism.
Most spontaneous rodent models of obesity and T2D (e.g. Zucker diabetic fatty (fa/fa) rat, and ob/ob and db/db on the C57BL/Ks background) have monogenic defects as the primary cause of their phenotype, which is not the case for the majority of individuals with T2D, a polygenic disease. Thus, polygenic rodent models are more suitable to define and characterise the numerous genes that could be considered potential candidates. One such model is the New Zealand Obese (NZO) mouse, a well-established model of obesity and glucose intolerance, exhibiting several concomitant phenotypes including fasting hyperglycaemia, hyperinsulinaemia and hepatic and peripheral insulin resistance (Fam & Andrikopoulos 2007) . Importantly, these mice have distinguishable defects in glucosemediated insulin secretion when tested using isolated islets in vitro (Larkins & Martin 1972 , Veroni et al. 1991 . In addition, the presence of these disturbances in young NZO mice (4-5 weeks of age) suggested that they were an early perturbation in the syndrome and that their cause could be genetic in origin (Veroni et al. 1991) .
In attempts to identify genes contributing to T2D, a number of studies have utilised the NZO mouse (Leiter et al. 1998 , Kluth et al. 2011 , Reifsnyder et al. 2000 , Taylor et al. 2001 , Reifsnyder & Leiter 2002 , Giesen et al. 2003 ). Whilst these studies have reported linkage to obesity and hyperglycaemia, they have not yet identified any causative genes, nor has any locus been described which specifically affects insulin secretion. The present study was undertaken to determine the genetic cause(s) underlying impaired insulin secretion in the NZO mouse.
Materials and methods
Animal source and maintenance C57BL/6J (B6) (Wong et al. 2010) and NZO/Wehi mice were purchased from the Walter and Eliza Hall Institute (Kew, Victoria, Australia). For genetic studies, we mated NZO to B6 mice and backcrossed F1 mice to the B6 parental strain to generate backcross (BC) mice for initial testing. Congenic mice were generated by backcrossing to the B6 strain for at least ten generations. Mice from this mating that were heterozygous in the region of interest were selected to commence brother-sister mating to produce five congenic lines (B6.NZO-7A, B6.NZO-7B, B6.NZO-7C, B6.NZO-7D and B6.NZO-7G), each containing different portions of the NZO chromosome seven region on the B6 background. Homozygotes of each line were selected to maintain the subsequent congenic strain.
Mice consumed a standard chow diet ad libitum containing (w/w) 3% fat, 20% protein and 77% carbohydrate (Barastoc, Pakenham, Victoria, Australia). Artificial lighting was maintained on a 12-h day/night cycle and room temperature kept at 22 8C. Ethics approval was obtained from Melbourne Health and Austin Health Animal Ethics Committees and all experimental procedures were carried out in accordance with guidelines of these committees.
Genotyping
Genomic DNA was prepared from liver samples or tail snips using either a proteinase K extraction or a sodium hydroxide lysis extraction protocol (Morahan et al. 1989 ). Mice were genotyped by amplification of simple sequence length polymorphism (SSLP) markers selected from the Whitehead Institute SSLP library (http://www.genome.wi. mit.edu/) on the basis of their position on the genetic map. A 10 cM-dense genome scan was performed using 150 SSLPs. For fine-mapping studies, closely spaced markers spanning chromosomal regions of interest were also used (Supplementary Table 1 , see section on supplementary data given at the end of this article).
Sequence analysis and generation of Abbc8 transgenic mice
The murine Abcc8 and Kcnj11 genomic loci were characterised from several bacterial artificial chromosome (BAC) clones that were isolated from an RPCI-23 female B6 BAC library (Morahan et al. 1989 ) after screening using radioactively labelled [g- 32 P] oligonucleotide probes containing
Abcc8 and Kcnj11 coding sequences. One of the clones which contained the full coding regions of Abcc8 and Kcnj11 was selected for partial sequencing and for generation of transgenic mice using the bm1 strains as previously described (Lander & Kruglyak 1995) . Transgenic mice were identified by screening for sequences derived from the BAC ends. These transgenic mice were subsequently backcrossed to NZO for at least 12 generations, selecting at each generation for retention of the B6 Abcc8 BAC before studies were performed.
Genome wide scan: LOD score analysis
The phenotypic and genotypic data were used for quantitative trait locus (QTL) analysis to assess whether a particular chromosomal region co-segregated with the phenotype measured. Only markers with valid genotypes for at least 90% of mice were included for further analysis. This procedure and single trait multiple interval mapping linkage analyses were performed using the QGENE package (Lander & Kruglyak 1995) . Linkage results were expressed as logarithm (base 10) of odds (LOD) scores. For autosomes, a LOD score O3.3 in BC mice may be considered significant evidence of linkage, at the 0.05 level by using the 'free model' in which the degree of dominance is estimated from the data (2 df) (Lander & Kruglyak 1995) . In addition, comparisons were performed comparing the upper and lower quartile responders using contingency c 2 analyses. The c 2 values were converted to LOD scores as described (Lander & Kruglyak 1995) .
Tissue homogenisation
Pancreata were homogenised in 2 ml of ice-cold lysis buffer (0.24 g Tris, 0.029 g EDTA and 8.56 g sucrose in 100 ml MilliQ water, pH 7.4) using an Ultra-Turrax homogeniser (Janke & Kunkel, Staufen, Germany). Homogenates were centrifuged at 300 g for 5 min at 4 8C to remove cell debris. Supernatants were collected and centrifuged at 100 000 g at 4 8C for 30 min. Pellets were resuspended in ice-cold PBS containing 2% Triton X-100 and 1.5 mM pefabloc. Pellet protein concentrations were determined using the Bradford protein assay technique.
Western blot analysis
Western blotting was performed to determine protein expression levels of SUR1 and Kir6.2 in the pellet fraction of homogenised pancreata as previously described (Kooptiwut et al. 2005) . Protein was loaded onto a 10% resolving gel (Kir6.2) or a 7.5% resolving gel (SUR1) and immunodetected using their respective specific primary antibodies from Santa Cruz Biotechnology, Inc. at a 1:500 dilution overnight at 4 8C; anti-Kir6.2 (H-55) (sc-20809) and anti-SUR1 (C-16) (sc-5789) antibodies respectively. All blots were incubated with a swine anti-rabbit IgG antibody conjugated to HRP secondary (DakoCytometrics, Glostrup, Denmark) at 1:2500 dilution for 1 h at room temperature. Protein bands were visualised on hyperfilm by the enhanced chemiluminescence system and band density assessed using Bio-Rad GS-710 calibrated imaging densitometer and quantified using the Quantity One (version 4.1) Software (Bio-Rad Laboratories Pty Ltd, Hercules, CA, USA).
Intravenous tolerance tests to glucose and non-glucose secretagogues
IVTT were performed as previously described (Veroni et al. 1991 , Andrikopoulos et al. 2005 . Insulin secretion was determined in response to the following stimuli; glucose (1 g/kg), tolbutamide (40 mg/kg) and arginine (2 g/kg).
Intraperitoneal glucose tolerance test (IPGTT)
IPGTTs were performed as previously described , Visinoni et al. 2008 . Briefly, after an overnight fast, a bolus of glucose (1 g/kg) was injected intraperitoneally and blood sampled for plasma glucose and insulin analyses.
Insulin tolerance test
ITTs were performed as previously described (Lamont et al. 2006) . Mice were administered with 0.5 IU/kg of Actrapid insulin intraperitoneally and glucose measurements from the tail were taken at 15, 30, 45 and 60 min.
Measurement of circulating glucose and insulin levels
The glucose oxidase method was used to determine plasma glucose using an Analox GM7 glucose analyser (Helena Laboratories, Mount Waverley, Victoria, Australia). Plasma insulin was measured using a commercially available radioimmunoassay utilising a rat-specific insulin antibody (Merck Millipore, Bayswater Victoria, Australia).
Islet isolation and cDNA preparation
Islets were isolated and incubated for insulin secretion studies as previously described (Kooptiwut et al. 2005 , Zraika, et al. 2006 . Islets were prepared for cDNA synthesis and subsequent mRNA analysis using the method as previously described (Aston-Mourney et al. 2007) . Total RNA (2 mg) was reverse transcribed using the Promega Reverse Transcription System kit with random primers (Promega Corporation) and any contaminating DNA removed by treatment with DNaseI (RNase-free; Ambion).
Statistical analysis
Data are expressed as meanGS.E.M. Area under the curve (AUC) was calculated using the trapezoidal rule. General Linear Model ANOVA (GLM ANOVA) with a Tukey's post hoc test was used to determine significant differences in plasma glucose and insulin levels between strains in response to the IVTT, IPGTT and ITT repeated measures. Two-tailed, unpaired student's t-test for parametric data analysis was used to compare between strains for mRNA expression, western blot and insulin content analysis. A P value %0.05 was considered statistically significant.
Results

Insulin secretory responses in NZO mice
We confirmed that NZO mice had a mild defect in insulin secretion in response to tolbutamide but not arginine at the early age of 4 weeks ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article). At 4 weeks of age, NZO mice were heavier but had normal fasting plasma glucose and insulin levels compared with B6 (Supplementary Table 2 (Table 1) .
Mapping the defective insulin secretion locus in NZO mice
In order to define the genetic basis of this defect, QTL mapping was performed on 130 backcrossed mice, comparing segregation of alleles in the lower and upper quartiles of insulin secretion, where the upper quartile contained mice with responses within the B6 range (high insulin levels) and the lower quartile contained mice which responded similarly to NZO mice (low insulin levels). Contingency c 2 values were calculated and used to derive LOD scores. Linkage was found to a region on chromosome 7 at marker D7Mit176 located around 26 cM from the centromere ( Fig. 2A and B) . Fine mapping in the linked region in the first cohort of backcross mice mapped the locus to a w5 cM interval between the markers D7Mit158 and D7Mit82 (Fig. 2B ) with a LOD score of 13.1. Linkage was confirmed (LODZ5.7) in an independently generated cohort of 99 backcross mice, and an analysis of the pooled backcross mice using a multipoint method confirmed this linkage (not shown). The locus on chromosome 7 was denoted as dis1, for defective insulin secretion. 
dis1 congenic strains show defective insulin secretion
In order to fine-map the dis1 locus, and to investigate its functional effects in detail, we produced congenic mice by introgressing the relevant NZO-derived region onto the B6 genetic background. After ten generations of backcrossing, the B6.NZOD7Mit270-D7Mit146 congenic strain (hereafter referred to as B6.NZO-7A) was derived (Fig. 3A) . The B6.NZO-7A was used to establish sub-congenic strains that had smaller overlapping intervals, which were defined with a series of novel SSLP markers (designated as D7Mor#, see Supplementary Table 1 , see section on supplementary data given at the end of this article). These strains were designated B6.NZO-7B, B6.NZO-7C, B6.NZO-7D, B6.NZO-7G (see Fig. 3A for details). When challenged with glucose, B6.NZO 7A, 7B and 7D lines had no significant differences in plasma glucose levels ( Fig. 3B ), but displayed reduced levels of plasma insulin compared with B6, similar to that Mapping of the dis1 locus. (A) Genome-wide scans were performed on 130 backcross mice, using normalized data. Linkage was found to a region on chromosome 7 with a LOD score of 13.1 at marker D7Mit176 located around 26 cM from the centromere (B) Multipoint mapping of Dis1 with of the NZO parent (Fig. 3C) . Conversely, B6.NZO-7C and 7G displayed the same ability to secrete insulin as the B6 parents. These results confirmed the mapping of dis1 to chromosome 7 and localised it to a w2.5 Mb region between D7Mor13 and D7Mor10. This region contains strong candidate genes encoding the components of the KATP channel Abcc8 (SUR1) and Kcnj11 (Kir6.2). To test the NZO KATP channel, we assessed insulin secretion in response to tolbutamide. The B6.NZO-7A congenic mice had a reduced insulin response compared with B6.NZO-7C congenic mice (Fig. 3D , AUC: 2.16G0.24 vs 3.30G0.43 ng/ml!5 min nZ5, P!0.05 respectively). This is consistent with the hypothesis that defects in the KATP channel may be responsible for the defective insulin secretory response seen in the NZO mouse.
Characterisation of the Abcc8 and Kcnj11 genes as candidates for dis1
In order to characterise these candidate genes, we undertook direct sequencing of the NZO and B6 alleles and compared them with the already published 129T2 sequence (37). There were no amino acid replacing changes in the Kcnj11 gene or changes in its promoter (data not shown). In contrast, there was striking complexity in the Abcc8 gene and its promoter ( Supplementary   Fig. 2 , see section on supplementary data given at the end of this article). A region of w600 bp of the Abcc8 promoter showed several changes between NZO and the non-obese strains, B6 and 129T2 (Funkat, et al. 2004) . While there was only one apparent nucleotide substitution among these strains, there were a total of six insertion/deletion events affecting these three alleles. These events may have arisen as a consequence of the pyrimidine-rich sequence composition in the region. Abcc8 cDNA from NZO islets was also cloned and sequenced. Relative to the published sequences, there was a deletion of w211 bp that corresponded to the removal of exons 33 and 34 from the NZO cDNA (Fig. 4A) . The reason for the absence of these exons from the cDNA was unclear as both were present in the NZO genomic DNA with no changes to their flanking sequences ( Supplementary Fig. 4 , see section on supplementary data given at the end of this article). However, it appears to be a retroviral insertion between these exons as they are flanked by long terminal repeats ( Supplementary Fig. 4) . Amplification of the intron showed a w5 kb insertion into intron 34 of the NZO Abcc8 gene (Supplementary Fig. 3 ). Quantitation of mRNA expression levels showed that the absence of exons 34 and 35 was associated with a 50% reduction in Abcc8 expression levels in NZO mice compared with B6 mice (Fig. 4B) . There was also a smaller (30%) but significant decrease in Kcnj11 gene expression in islets of NZO compared with B6 mice (Fig. 4B) .
In order to test whether the splice variant affected protein levels, immunoblot analysis was performed using whole pancreata from B6 and NZO mice. The data show that there was significantly less SUR1 protein (38%) in the 10-week-old NZO mice compared with the B6 mice, and this difference was also detected in 4-week-old mice (Supplementary Fig. 5 ). Interestingly, there was no significant difference in Kir6.2 levels at either age and this served as the internal control (Supplementary Fig. 5 ). Together, these data suggest that the 211 bp deletion in Abcc8 is associated with reduced gene and protein levels in NZO mice.
Production of Abcc8 transgenic mice
To determine whether the decrease in insulin secretion associated with these genes could be reversed, transgenic mice expressing the B6 Abcc8/Kir6.2 genes on the NZO background were produced (referred to herein as NZO transgenic mice). The Abcc8 and Kcnj11 genes were isolated on a single clone from a B6 BAC library. This clone was used to generate transgenic mice as described in the Methods section. Figure 4B illustrates that mRNA expression of Abcc8 was significantly higher in the NZO transgenic compared with NZO control mice but was not different from B6. Similarly Kcnj11 expression tended to be higher in the NZO transgenic mice and not different from B6 (Fig. 4B ). This indicates that the presence of the functional Abcc8/Kcnj11 genes in the pancreata of NZO transgenic mice caused a significant improvement in expression of both channel subunits. Table 1 illustrates the baseline characterisation of the NZO transgenic mice compared with the two control lines, NZO and B6. Body weights and adiposity levels (as measured by white adipose tissue mass) of both the 10-week-old male and female NZO transgenic mice were not significantly different from the NZO control mice but were significantly higher than the B6 mice of both sexes (P!0.05). Fasting plasma glucose levels were not different from the NZO mice in either sex. Interestingly, fasting plasma insulin levels were significantly higher in the NZO transgenic mice compared with both the B6 and NZO mice (P!0.05). Therefore, replacement of the functional Abcc8/Kcnj11 gene in NZO transgenic mice significantly affected basal insulin levels but not overall glycaemia or obesity.
Insulin secretory response in NZO transgenic mice
To determine whether complementing the defective Abcc8/Kcnj11 gene with the functional B6 gene could reverse the insulin secretory defect of the NZO mice, an IVTT to glucose was performed (Fig. 5) . As can be seen in Fig. 5A , the expression of the B6 Abcc8 allele in the NZO mouse significantly improved early-phase glucosemediated insulin secretion (NZO transgenic: 13.9G 2.5 ng/ml!5 min vs NZO: 2.4G1.4 ng/ml!5 min (P!0.05) vs B6: 8.5G1.6 ng/ml!5 min (P!0.05)). When the total AUC for insulin was calculated (panel insert Fig. 5A ), the NZO transgenic mice secreted significantly more insulin than NZO mice (P!0.05), and similar to B6. To further define the molecular basis of the Abcc8 defect, we investigated the response to the non-glucose secretagogue, arginine, which acts to secrete insulin by direct depolarisation of the b-cell membrane, and the sulphonylurea, tolbutamide. Both the NZO transgenic and NZO mice had significantly higher total AUC for insulin compared with the B6 mice following arginine stimulation (Fig. 5B) . As expected, following tolbutamide administration, the NZO mice did not secrete adequate amounts of insulin compared with B6 mice and this was reflected in the significant reduction in total AUC for insulin ( Fig. 5C , P!0.05). Conversely, the NZO transgenic mice demonstrated higher secretion at the 2 min timepoint only and total AUC for insulin was also significantly greater compared to NZO mice (Fig. 5C ). Even at one year of age, B6 and NZO transgenic mice were secreting significantly more insulin in response to glucose compared with NZO mice (Fig. 5D) . In vitro assessment in isolated islets from NZO mice demonstrated defective insulin secretion compared to B6 islets in response to both high glucose and tolbutamide stimulation that was corrected in NZO transgenic islets (Fig. 5E) . Therefore, expression of the B6 Abcc8/Kncj11 gene in the NZO mouse did not have an effect on arginine-induced insulin stimulation but improved secretion following glucose and tolbutamide stimulation. Taken together, these data suggest that Abcc8/Kcnj11 is partly responsible for the defect in early-phase glucosemediated insulin secretion in the NZO mouse.
Glucose tolerance and insulin sensitivity in NZO transgenic mice
Since there was improved insulin secretory function in the NZO transgenic mice expressing the functional Abcc8/Kcnj11 gene, we investigated whether glucose tolerance could also be enhanced in these mice. Following an intraperitoneal glucose challenge (Fig. 6A) , NZO mice were glucose intolerant compared with B6 mice whilst NZO transgenic mice displayed significantly lower plasma glucose levels compared with the NZO control mice, but were significantly higher than the B6 mice (as demonstrated by both the glucose excursion during the GTT and the total AUC for glucose, (Fig. 6A and panel insert) ). Therefore complementing the defective gene in the NZO mice with the functional form improved glucose tolerance, but not to the level of the control B6 mice.
To determine if this improved glucose tolerance had an effect on insulin sensitivity, an ITT was performed in NZO transgenic, NZO and B6 control mice. Following the insulin challenge, the B6 mice clearly lowered their plasma glucose levels over the duration of the test (Fig. 6B) , while NZO transgenic and NZO control mice maintained elevated plasma glucose levels. Therefore, complementing the Abcc8/Kcnj11 gene did not improve insulin sensitivity in the NZO mice.
Discussion
The purpose of this study was to understand the genetic basis of islet b-cell dysfunction in the NZO mouse. The present study provides evidence that the defect in glucose-mediated insulin secretion in the NZO mouse is strongly associated with a component of the KATP-channel, the sulphonylurea receptor SUR1, encoded by the gene Abcc8. The NZO Abcc8 allele has a number of insertion/deletion events in its promoter region and a 211 bp deletion in the transcript, resulting from excision of exons 33 and 34. NZO pancreata showed an associated reduction in SUR1 expression levels, as evidenced both at 4 and 10 weeks of age. In contrast, compared with the B6 sequence, the Kcnj11 NZO allele had neither sequence differences nor alterations in expression levels. These genetic variants in the Abcc8 NZO promoter region would be expected to result in altered expression of the transcript as we have shown. Interestingly expression of the WT version of Abcc8/Kcnj11 specifically enhanced the early-but not late phase insulin secretory response of the NZO mouse. A key consequence of the changes in the NZO Abcc8 allele, was an impairment in the b-cell's ability to secrete insulin, particularly to glucose or those stimuli that directly bind to the receptor complex such as the sulphonylureas. This defect was manifested as early as 4 weeks of age (Veroni et al. 1991) and became significantly worse with time. However, stimulation with the non-glucose secretagogue arginine, which acts to stimulate insulin secretion through direct depolarisation of the b-cell membrane past the KATP-channel, caused an exaggerated insulin secretory response in the NZO mice. This suggests that NZO mice do not have a generalised defect in insulin secretion, but instead their defect is limited to the early events following glucose stimulation and that Abcc8 is required for glucose-mediated insulin secretion. The molecular mechanism by which the defect in Abcc8 results in reduced insulin secretion in the NZO mouse is not clear and requires further investigation. This finding, together with an increase in pancreatic insulin content, suggests that at least at age (10 weeks) the NZO mouse does not have a deficit in b-cell mass and that the defect in secretion is functional.
We also show that expression of the B6 Abcc8/Kcnj11 genes in the NZO mouse leads to significant improvements in insulin secretion in response to either glucose or in particular to the sulphonylurea, tolbutamide. Most interesting is that the transgenic NZO mice had a better glucose-mediated release of insulin compared with both the NZO and B6 controls. In contrast, the response to arginine was the same as in the NZO control mice. This improvement in insulin secretion did not arise from improvements in other T2D related phenotypes, such as their sensitivity to insulin or their propensity to gain weight, since the transgenic NZO mice remained insulin insensitive and obese like the NZO control mice. Furthermore, in the transgenic mice the functional improvement was in the early (first) phase of insulin secretion as there was no improvement in second-phase insulin. This finding indicates that i) the KATP channel plays a significant role in early-phase insulin secretion and ii) other genes need to be restored to correct b-cell dysfunction in this model. Studies in mice with complete deletions of SUR1 have shown defects in both first-and second-phase insulin secretion (Seghers et al. 2000 , Nakazaki et al. 2002 , Shiota et al. 2002 . Furthermore, the response of the SUR1 null mice to non-glucose stimuli such as carbachol, TPA, amino acids, acetylcholine and IBMX was comparable with the control mice (Nakazaki et al. 2002 , Doliba et al. 2004 , Nenquin, et al. 2004 , while the response to arginine was enhanced at basal (1.7 mM) glucose but reduced at higher glucose levels in vitro (Shiota et al. 2005) . Our study showed that NZO mice had a heightened response to arginine in vivo. In addition SUR1 null mice displayed euglycaemia that remained for much of their lives, and normoinsulinaemia seen after a 6-h fast (Shiota et al. 2002) , which is contrary to our NZO mice which displayed both hyperglycaemia and hyperinsulinaemia. The maintenance of euglycaemia in the null mice was shown to occur by the enhanced response to cholinergic stimulation and the increased level of intracellular calcium in the b-cell (Shiota et al. 2002 , Doliba et al. 2004 ). In the NZO mice, the hyperglycaemia could be accounted for by their obese and insulin resistant phenotype impacting on glycaemia. Thus, despite differences between these two mouse models, the common absence of a fully functional Abcc8 allele can lead to impairments in glucose-mediated insulin responses.
The data presented here highlight the importance of the Abcc8 gene in the predisposition to b-cell dysfunction and glucose intolerance, but not to insulin resistance and obesity. It is interesting to note that while expression of a functioning Abcc8/Kcnj11 significantly enhanced glucosemediated insulin secretion (particularly the early response), this resulted in improved but not normalised glucose tolerance. This would suggest that normalisation of both phases of insulin secretion in addition to improved insulin sensitivity are perhaps required to normalise glucose tolerance in this model.
In humans, certain Abcc8 mutations have been associated with the insulin secretory disorder persistent hyperinsulinaemia-hypoglycaemia of infancy (PHHI) (Huopio et al. 2000) . Hyperinsulinaemia can be a consequence of Abcc8 mutations, which is in contrast to our findings of defective glucose-mediated insulin secretion that arises from the NZO Abcc8 allele. Interestingly, some individuals in the families of those with PHHI may develop diabetes later in life, prompting suggestion of a new genetic sub-class of T2D with similar phenotypes of glucose intolerance, b-cell dysfunction and hyperglycaemia (Huopio et al. 2003) . There is evidence for an association between the Kcnj11 and Abcc8 genes with T2D (Barroso et al. 2003 , Gloyn et al. 2003 . Indeed it has been suggested that the T2D susceptible variants in the Kcnj11 and Abcc8 genes result in a gain-of-function of the KATP channel (Hamming et al. 2009 ). While we do not yet know whether the genetic defect in Abcc8 leads to a gainor loss-of-function of the KATP channel, the NZO mouse can be used to model the role of Abcc8 defects in the physiological processes leading to impaired insulin secretory function.
Partial suppression of the KATP channels has been shown to result in insulin hypersecretion initially, which reverted to undersecretion and glucose intolerance following high fat feeding for 3 months (Remedi et al. 2004) . Furthermore, chronic treatment of normal mice with sulphonylurea resulted in reduced insulin secretion and glucose intolerance (Remedi & Nichols 2008) . Interestingly, our study showed that glucose-mediated insulin secretion did not have any chronic deleterious effects because 1-year old transgenic NZO mice had a comparable insulin secretory profile to B6 control mice and much higher than NZO control mice. This suggests that in the NZO transgenic mouse enhanced insulin secretion is chronically preserved, supporting the notion that in vivo chronic hyperexcitability does not lead to b-cell death (Nichols & Remedi 2012 ).
In conclusion, we have demonstrated the importance of the Abcc8 gene as a causative factor in the b-cell dysfunction displayed by the NZO mouse. Our study suggests that complementation of the Abcc8 gene can enhance the early phase of glucose-mediated insulin secretion in the NZO mouse and leads to improved glucose tolerance.
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